ABSTRACT
ORNL worked with Quintus Technologies to develop new hot isostatic pressing parameters for Ti6Al-4V components fabricated via Arcam electron beam melting. These parameters result in isotropic tensile behavior compared to the conventional hot isostatic press HIP parameters that result in anisotropic tensile properties depending on the build direction. Furthermore, an improvement in fatigue behavior was observed.
OPTIMIZING PARAMETERS FOR POST-PROCESSING OF TI-6AL-4V COMPONENTS FABRICATED BY ADDITIVE MANUFACTURING FOR SUPERIOR PERFORMANCE
This phase 2 technical collaboration project (MDF-TC-2016-014) was started on July 01, 2016 and was completed on December 29, 2017. The collaboration partner Quintus Technologies is a small business. In this project, the partners used a proprietary rapid quench hot isostatic press (HIP) developed by Quintus Technologies to demonstrate isotropic tensile behavior of electron beam melted Ti-6Al-4V.
BACKGROUND
Quintus Technologies is a small business that specializes in fabrication of systems for hot isostatic pressing (HIP). In the HIP industry, it is typical to cool the samples after a HIP treatment either via furnace cooling or via rapid cooling to minimize the cycle time. In these cases, the typical cooling rates are between 5 o C/min to 100 o C/min. For metallic materials, these are relatively slow cooling rates that could result in significant microstructural coarsening, especially in titanium alloys such as Ti-6Al-4V. In additive manufacturing (AM) of Ti-6Al-4V, there are added processing challenges such as porosity and formation of columnar grains. This results in α phase texture during β→α phase transformation. Researchers have demonstrated that α phase texture can result in anisotropic material properties [1, 2] . This is especially challenging since AM is used to fabricated complex shapes wherein the texture may significantly vary from one location to another in a build. Although, a standard HIP cycle (920 o C100MPa-2hrs which is based on casting literature on Ti-6Al-4V), referred to as sub-transus HIP henceforth, is used to close the porosity, it has negligible impact on the β grain structure or the texture. In fact, it strengthens the texture as discussed by Shui et al [3] . Thus, Oak Ridge National Laboratory's (ORNL) Manufacturing Demonstration Technology (MDF) partnered with Quintus Technologies (formerly Avure Technologies Inc.) for a technical collaboration to explore alternate post-processing routes to close the as-fabricated porosity and modify the microstructure in the same HIP cycle.
In the Phase 1 technical collaboration between ORNL and Quintus Technologies, a new HIP cycle (1100 o C-100MPa-2h), referred to as super-transus HIP henceforth, was developed for modifying the microstructure of electron beam melted (EBM) Ti-6Al-4V. The results of Phase 1 are summarized in Fig. 1 . To be noted is the presence of columnar β grains decorated by grain boundary α (Fig. 1a) along with a Basal/Transverse (B/T) α phase texture in the as fabricated condition (Fig. 1b) . On subsequent HIP'ing the β grains become equiaxed and the α phase texture is very different from the as-fabricated B/T texture as seen in Figs. 1c and 1d respectively. However, the fatigue strength in the super-transus HIP'ed condition was lower than the fatigue strength of as-fabricated sample tested along transverse testing direction and comparable to the as-fabricated sample tested along the build direction (Fig. 1e) . The dominant failure mechanism was initiation at the pores in as-fabricated condition ( Fig. 1f ) and faceted fracture due to the presence of large α colonies in the HIP'ed samples (Fig. 1g ). This lower fatigue strength was due to the formation of large α colonies resulting from lower cooling rates during HIP. As a result, the Phase 2 of technical collaboration resulted in Quintus Technologies installing a rapid quench HIP system (QIH 9 URQ) at ORNL's MDF that is one of a kind in North America.
Phase 2 focused on using the rapid quench HIP system to improve the mechanical properties of EBM Ti-6Al-4V that would allow Quintus to develop a business case for developing rapid quench HIP vessels for closing porosity and tailoring the microstructure of additively manufactured components. The hypothesis going into Phase 2 was to use the unique HIP cycle developed in Phase 1 coupled with rapid quench to demonstrate that the mechanical properties of EBM Ti-6Al-4V can be made isotropic via post processing compared to those in as-deposited state. The following sections contain detailed results of the study.
TECHNICAL RESULTS
Phase 2 began with procurement and evaluation of three different powder feedstocks from different vendors. The powders were made via plasma rotating electrode process (PREP), plasma atomization (PA), and plasma wire atomization (PWA) in no particular order. The powders were characterized for physical characteristics like flowability and apparent density in accordance with ASTM B213-03 and ASTM B212-99 respectively [4, 5] . Furthermore, powder size distribution (PSD) was measured using a Horiba LA-950 Laser Particle Analyzer. Standard Arcam test samples (Shown in Figure 2 ) were fabricated in an Arcam Q10 EBM machine running software version 5.0.62 to keep the process parameters unchanged between the different powders. This was done to minimize any variability resulting from processing. The fabricated samples were subjected to chemical analysis. The powder characteristics and chemistry data of the builds is summarized in Table 1 . The samples were tested in both horizontal and vertical build orientations. As shown in Fig. 2 horizontal refers to the case wherein loading direction is perpendicular (transverse) to the build direction whereas in case vertical samples (longitudinal), the loading direction is parallel to the build direction. The samples tested under transverse loading have an "H" designation followed by a number whereas vertical samples have only numbers as markers. Following fabrication, some samples were tested for tensile and fatigue behavior in as-fabricated condition. Based on the mechanical behavior in the as-fabricated condition, samples from one specific powder feedstock were chosen for sub-transus Figure 2 shows the build layout used in the study.
and super-transus HIP and were tested for tensile and fatigue behavior. Sub-transus HIP was conducted as a baseline since it is the current industry standard for HIP of AM Ti-6Al-4V parts. In all cases, room temperature tensile tests were conducted per ASTM E-08-13a standard. High cycle fatigue (HCF) testing was performed at a stress ratio of R=0.1 and a frequency of 20Hz. The samples were fabricated per ASTM E466-15 standard. The runout was considered at 5,000,000 cycles. The following subsections discuss the impact of powder feedstock on tensile and fatigue behavior following which the effect of HIP parameters on microstructure and mechanical properties is discussed.
IMPACT OF POWDER FEEDSTOCK ON MECHANICAL PROPERTIES
Powder feedstock plays a crucial role on the microstructure and final material properties of EBM samples. Representative microstructures from the three different powder feedstock builds are shown in Fig. 3 . The microstructure is an α/β structure consisting of fine basket weave α laths along with grain boundary α distributed in a colony fashion. These microstructural features are typical of EBM fabricated Ti-6Al-4V and have been discussed in detail by other researchers [6] [7] [8] . Thickness measurements were performed on α laths via manual measurements by averaging measurements over multiple laths. It was observed that powder A had the coarsest laths with a thickness of about 0.62µm whereas samples from Powders B and C had similar lath thicknesses at 0.56µm and 0.57µm respectively. The slightly coarser α laths in builds from Powder A maybe explained based on the lower apparent density of these powders. This can possibly result in the powder bed retaining more heat thus coarsening the laths. In contrast, the other two powders have similar apparent density and the resulting builds have similar lath thicknesses. These differences in lath thicknesses were expected to manifest as differences in tensile and fatigue properties of the samples. Fig. 4 (a) summarizes the tensile behavior of builds from all three powders. As expected, the builds from Powder A have the lowest yield (YS) and ultimate tensile strength (UTS) values owing to their coarser α laths that is about 40-50MPa lower than those of samples fabricated from Powders B and C, which have similar yield and UTS values. Fig. 4 (b) presents the HCF plots for samples fabricated from the three powder feedstocks along vertical and horizontal loading directions. To be noted is that all samples display anisotropic fatigue strength along the build directions. This may possibly be attributed to the effect of texture on material properties as discussed earlier in Fig. 1 . Interestingly, Powder A has higher fatigue strength compared to Powders B and C, despite having a lower yield strength that appears to be counter-intuitive based on the fact that fatigue strength is approximately proportional to the yield strength. In-situ near infrared images were used to gain insights towards the higher fatigue strength of Powder A and it was found that it had lower number of pores per layer compared to samples fabricated from Powder B that had about 3-4x the number of pores on a layer-by-layer basis. Since HCF is dominated by crack initiation, higher porosity results in poorer fatigue performance. The near infrared analysis for porosity detection is beyond the scope of the current report. 
EFFECT OF HOT ISOSTATIC PRESSING PARAMETERS ON MECHANICAL PROPERTIES
Based on the HCF results, samples fabricated from Powder B were selected for studying the impact of HIP in manipulating the texture and associated mechanical properties. The rationale behind this selection was that the lower initial porosity highlights the role of texture in anisotropic behavior thus making pre-and post-HIP comparisons more meaningful. One set of samples was subjected to the standard sub-transus HIP cycle (920 o C-100MPa-2h) followed by normal cooling. The second set was subjected to super-transus HIP (1100 o C-100MPa-2h) followed by a rapid quench that resulted in a cooling rate of about 750 o C/min. The pressure and time were unchanged to understand only the effect of temperature and cooling rate on subsequent material properties after HIP. Fig. 5 compares the two HIP cycles used in the study. The difference in cooling rates is evident in the figure. Fig. 6 compares and contrasts the microstructures under different processing and post-processing conditions. To be noted is the coarsening of α laths during standard HIP cycle (Fig. 6b) . However, the basket weave nature of α laths is preserved from the as-fabricated sample (Fig. 5a ). On conducting super-transus HIP without the use of a rapid quench HIP vessel, the α becomes coarser and the distribution changes from basket weave to colony (Fig. 5c) . This is because all α is dissolved on heating the sample above β-transus. On slower cooling, grain boundary α precipitates on prior β grain boundaries and nucleates a colony microstructure as the temperature is reduced further. Fig. 6 (d) shows the impact of using a rapid quench HIP vessel on microstructure evolution after super-transus HIP. It can be seen that a fine basket weave microstructure is obtained akin to the as-fabricated microstructure, Figure 6 compares and contrasts the microstructures under different processing and post-processing conditions. Figure 5 shows the sub-transus and super-transus HIP cycles used in the study.
but with possibly lesser degree of elemental partitioning and slightly coarser α. This is expected to result in higher tensile strength compared to the sub-transus HIP. The tensile data for Powder B as a function of processing and post-processing condition is summarized in Fig. 7 per their UTS values. It can be seen that the super-transus HIP homogenizes the UTS irrespective of loading direction. On the other hand, the sub-transus HIP process results in retaining and to an extent strengthening the anisotropic material behavior. This is due to strengthening of β-texture on sub-transus HIP and has been discussed by Shui et al [3] . It can be seen that due to the rapid cooling rates and finer a, the supertransus HIP'ed samples have a higher UTS compared to conventionally HIP'ed samples. However, it is about 2-3% lower than that of the as-fabricated samples. To be noted is the isotropy of UTS after subjecting the samples to super-transus HIP cycle followed by rapid quench. The samples were tested under fatigue loading under the above discussed process conditions. Figure 8 summarizes the findings of HCF testing. Figure 8 shows the HCF behavior of as-fabricated, sub-transus, and super-transus HIP'ed samples along horizontal and vertical directions.
It can be noted that HIP'ing improves the fatigue strength and significantly reduces the scatter in data irrespective of the HIP cycle. However, despite the use of HIP there still remains some scatter in the samples for both sub-transus and super-transus HIP. Also, the anisotropy component is preserved, even for the super-transus HIP samples. Based on the S-N plot, it appears that despite HIP'ing, not all pores are annihilated, thus causing a scatter in the data. In some cases, it can be seen that the sample sustains more cycles at higher stress levels and that can happen only in presence of defects where the failure initiation can be stochastic. Compared to as-fabricated samples, the HIP'ed samples have significantly less porosity and thus the likelihood of retaining a pore in the machined test sample in the gage section is very low thereby having a stronger impact on variation in cycles to failure. This requires for new HIP cycles to be developed for the AM components, possibly by using higher temperature, pressure and times and generate statistical fatigue curves to better understand the implications of HIP'ing on the fatigue behavior of Ti-6Al-4V. While, the tensile behavior is promising for the supertransus HIP in terms of improving strength and reducing the anisotropy compared to standard HIP cycle, the use of Ti-6Al-4V primarily as a fatigue alloy mandates the development of new HIP cycles and generating the fatigue curves at different stress levels. The efficacy of super-transus HIP can be further extended to other AM techniques in an attempt to make the properties more predictable independent of the AM technology used thereby allowing for better design of components. This predictability in properties is crucial towards accelerating the acceptance of AM as a full-scale production technology.
IMPACTS
In the current state of the technology, additively made components inherently contain porosity that can either be process induced or result from pores in the original powder feedstock. Therefore, Hot Isostatic Pressing is currently a requirement, especially in aerospace, biomedical, and gas turbine industries that involve rotating components. Along with closing the porosity, HIP can potentially also be used to alter the as-fabricated microstructures and textures. The challenge with most HIP vessels is that they can be used to close porosity but not influence the microstructure since the cooling rate is often to low and not controllable. Thus, a secondary step has to be added for additional heat treatments. During these heat treatments, the pores can reopen and have been discussed in literature. In our collaboration with Quintus Technologies (Phase 1 and Phase 2) ORNL developed a new HIP cycle to modify the microstructure of EBM Ti-6Al-4V and breakdown the α phase texture. The QIH 9 press allowed us to manipulate the microstructure to improve the tensile properties of the super-transus HIP'ed samples and reduce the anisotropy compared to the standard HIP cycle. These heat treatments are conducted under pressure and hence the likelihood of reopening of porosity is significantly lower. The process also reduces the downtime and saves energy by completing the HIP and heat-treatment in a single cycle.
Our results indicate that the existing HIP cycles that are based on casting literature, are not sufficient to close all porosity, Hence even after HIP'ing there is a small degree of scatter in the mechanical properties. Thus, going forward Quintus Technologies and ORNL will partner to develop HIP cycles for AM Ti-6Al-4V. Furthermore, the testing and HIP cycles will be extended to other AM techniques such as laser powder bed fusion, wire based large scale AM. The success of this study will propel the field towards developing rapid quench machines for larger sections and dedicated to AM alloys. Finally, going forward, studies will be conducted on HIP'ing of non-weldable Ni base superalloys that are sensitive to cooling rate. Faster cooling rates can be used to prevent the γ' from coarsening and reduce the potential for cracking while improving mechanical properties.
CONCLUSIONS
In conclusion, the technical collaboration between ORNL and Quintus Technologies demonstrated the potential and need for developing new HIP cycles in tandem with more capable HIP systems. We developed a new HIP cycle and demonstrated that the material properties can be made more isotropic for Ti-6Al-4V via use of super-transus HIP. Further, the material strength was retained by using the rapid quench enabled HIP vessel that results in precipitation of fine scale α. However, it was also found out that both the standard and super-transus HIP cycles cannot completely heal the porosity with the existing parameters. Thus, moving forward parameter optimization studies need to be conducted along with fatigue testing to establish the role of different HIP cycles on fatigue response as a function of loading direction. This will allow the HIP cycle to be extended to Ti-6Al-4V components fabricated via AM technologies other than EBM that will be crucial for adoption of AM as a wide scale production technique. Finally, the rapid quench enabled QIH 9 press opens the doors for successful HIP'ing of non-weldable Ni base alloys to retain and improve upon the as-fabricated material properties.
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